Background/Aims: CyclinG1 (CycG1) is frequently overexpressed in solid tumors and overexpression of CycG1 promotes cell survival upon paclitaxel exposure by inducing polyploidy. Whether and how CycG1 regulates polyploidization caused by small molecular targeted inhibitors remains unclear. Methods: Immunohistochemistry and immunoblotting were utilized to examine protein expression. Cell proliferation was measured by ATPlite assay, and cell cycle distribution and apoptosis were measured by flow cytometry and/or DNA fragmentation assays. Results: Overexpression of CycG1 in breast cancer cells caused apoptosis-resistant polyploidy upon treatment with Aurora kinase inhibitor, ZM447439 (ZM). Addition of ABT-263, a small-molecule BH3 mimetic, to ZM, produced a synergistic loss of cell viability with greater sustained tumor growth inhibition in breast cancer cell lines. Decrease of Mcl-1 and increase of NOXA caused by ZM treatment, were responsible for the synergy. Furthermore, CycG1 was highly expressed in Triple-Negative-Breast-Cancer patients treated with paclitaxel and was paralleled by decreased cell survival. Conclusion: CycG1 is a crucial factor in ZM-induced polyploidy resistance, and ABT-263/ZM combination hold therapeutic utility in the CycG1-amplified subset of breast cancer and CycG1, thus, is a promising target in breast cancer W. Zhang and J. Xu contributed equally to this work.
Introduction
CyclinG1 (CycG1), also known as CCNG1, was firstly identified as a member of cyclin family with homology to c-src [1] , and was further found to be a transcriptional target of p53 [2] . Moreover, CycG1 negatively affects the stabilization of p53 by promoting protein degradation through a negative feedback signaling to the p53-MDM2 auto-regulatory module [3, 4] . The precise role of CycG1 on cellular growth is still controversial. CycG1 overexpression promotes cancer cell growth [5] [6] [7] , which is suppressed by CycG1 antisense constructs [8] [9] [10] . Consistent with these data, CycG1 is frequently overexpressed in human breast and prostate cancers [11] , osteosarcoma [12] , colorectal tumor cells [13] and hepatocellular carcinoma [14] , showing close correlation with distant metastasis and poor prognosis. Conversely, the induction of CycG1 after DNA damage and its role in G 2 -M arrest suggest a possible growth inhibitory activity [5, 15] , which is possibly dependent on the magnitude of CycG1 expression [16] . Indeed, CycG1 is still dominantly suggested as a growth promotion factor rather than arrest factor.
CycG1 does not pair with a known cyclin-dependent kinase, and thus, its biological functions are likely distinct, and remain to be fully elucidated. Recently, CycG1 has been identified to play a novel role in regulation of polyploidy and resistance to chemotherapy. Cells exposed to anti-mitotic drugs usually arrest in pro-metaphase for a prolonged period, whereas they eventually exit mitosis and enter the next G 1 as 4N or 8N DNA polyploidy cells in a process known as mitotic "slippage", which requires the ubiquitylation and proteolysis of Cyclin B1 (CycB1), or stop dividing and undergo senescence, or activate pathways that lead to cell death [17] [18] [19] [20] . Increased CycG1 expression accompanies paclitaxel-induced mitotic arrest and promotes cell survival after paclitaxel exposure, whereas CycG1 depletion by RNA interference delays mitotic slippage and enhances paclitaxel-induced apoptosis [21] . Furthermore, overexpression of CycG1 inhibits cytokinesis in neonatal cardiomyocytes and leads to an enlarged population of binuclear cardiomyocytes whereas inactivation of CycG1 in mice lowers the degree of polyploidy and multinucleation in cardiomyocytes [22] . These data show that CycG1 represents a novel factor regulating the poorly characterized polyploidylation processes.
Here, we aim to investigate the role of CycG1 in regulation of polyploidy induced by small molecular targeted inhibitor in breast cancer cells, and demonstrate whether CycG1 is a potential anti-cancer target in breast cancer. To this end, we find that Aurora kinase inhibitor ZM447439 (ZM) induces mitotic slippage and apoptosis-resistant polyploidy cells in CycG1-amplified breast cancer cells, whereas triggers apoptosis in CycG1-low-expressed breast cancer cells. ABT-263, a small-molecule BH3 mimetic, induces the rapid demise of ZMinduced polyploidy cells in CycG1-amplified cells. Furthermore, overexpression of CycG1 is found in paclitaxel-treated triple negative breast cancer (TNBC) tissues and associates with inferior survival. Our data suggest that CycG1-amplification is responsible for ZM-induced resistant polyploidy and combination of ZM and ABT-263 could be a promising strategy for CycG1-amplified breast cancer therapy. CycG1, thus, is a promising target in breast cancer.
Material and Methods
Reagent and cell culture ZM447439 (Santa Cruz), MLN8237 (Selleck Chemicals) and ABT-263 (Santa Cruz) were dissolved in dimethyl sulfoxide (DMSO) and stored at -20°C. Human MDA-MB-231, MDA-MB-361, MDA-MB-468, ZR-75-1, MCF7, and SKBR3 cell lines were obtained from the American Type Culture Collection (ATCC). ZR-75-1 was grown in RPMI-1640 medium supplemented with 10% FBS and the other five cell lines were grown in DMEM medium supplemented with 10% FBS. Cells were cultured at 37°C in a humidified atmosphere containing 5% CO 2 . Control cultures received an equivalent amount of DMSO only.
Immunoblotting (IB) and antibodies
For direct IB analysis, cells were lysed in a Triton X-100 or RIPA buffer with phosphatase inhibitors. The antibodies used were as follows: HA (1:2000; Roche), CycG1 (1:500; Santa Cruz), PARP (1:1000; Cell Signaling), Cleavage-caspase-3 (1:500; Cell Signaling), Aurora A (1:1000; Cell Signaling), NOXA (1:1000; Millipore), Mcl-1 (1:1000; Cell Signaling), Bcl-2 (1:1000; Cell Signaling), Bcl-xL (1:1000; Cell Signaling), CycB1 (1:1000; Cell Signaling), p-Histone 3 (1:500; Cell Signaling) and β-actin (1:5000; Sigma).
ATPlite assay
Cells were transfected with indicated plasmids or siRNA and seeded into 96-well in triplicate; or cells were seeded into 96-well plates in triplicate and then treated with indicated compounds for indicated time. Cells finally were collected at indicated time for the ATPlite assay (Perkin-Elmer), according to the manufacturer's instructions.
Annexin V-FITC apoptosis analysis
An Annexin V assay was performed according to the manufacturer's instructions (FITC Annexin V Apoptosis Detection Kit I, BD Pharmingen). Briefly, approximately 5 × 10 5 /mL cells in 6-well plates were treated with various concentrations of the indicated compounds. The cells were harvested and used for Annexin V-FITC/PI staining. The percentage of apoptotic cells was determined using FACS flow cytometer equipped with Cell Quest software (BD Immunocytometry Systems).
Cell cycle analysis
For the induction of cell cycle arrest and apoptosis by ZM, MLN8237, and/or ABT-263, approximately 5 × 10 5 / mL cells in 6-well plates were treated with various concentrations of compounds for 48 h. Cells were collected and fixed in ice-cold 70% ethanol overnight, labeled with 500 μL propidium iodide (50 μL/ mL; Sigma-Aldrich) for at least 15 min in dark at room temperature (RT), and analyzed directly on a Beckon Dickinson FACScan (Oxford). The Sub G1 peak was utilized as a measure of apoptosis.
DNA fragmentation assay
Cells were seeded into 100-mm dishes at 1 × 10 6 cells per dish, followed by treated with ZM for 48 h. The cells were then harvested by scraping, pelleted and lysed in 600 µL of lysis buffer (5 mM Tris-HCl, pH 8, 20 mM EDTA and 0.5% Triton X-100). The fragmented DNAs in the supernatant after 14,000 rpm centrifugation were extracted with PCI (Phenol/Chloroform/Isopropanol) (Fisher) and precipitated with ethanol, followed by electrophoresis in a 1.8% agarose gel.
siRNA, and transfection
The siRNAs sequence targeting CycG1 is 5'-TGGCCTCAGAATGACTGCAAGACTA-3' [23] and sequence targeting NOXA is 5'-GGTGCACGTTTCATCAATTTG-3'. The sequence for the scrambled control siRNA is 5'-AUUGUAUGCGAUCGCAGACUU-3' [24] . Transfection of siRNAs was carried out using Lipofectamine 2000 (Invitrogen).
Patients and Immunohistochemical (IHC) staining
The human TNBC tissue microarrays were described previously in our study [25] . IHC staining of human lung cancer TMAs was performed as described previously [26] . For the assessment of CycG1, the staining intensity was scored as follows: negative (score 0), bordering (score 1), weak (score 2), moderate (score 3), and strong (score 4); staining extent was graded into five parts according to the percentage of elevated staining cells in the field: negative (score 0), 0-25% (score 1), 26-50% (score 2), 51-75% (score 3) and 76-100% (score 4). Then expression of CycG1 was evaluated by combined assessing of staining intensity and extent. IHC staining was assessed and scored by two independent pathologists (Xu J and Zhang WF), who were blinded to the clinicopathological data.
Selection of a cutoff score for CycG1 expression
The ROC curve analysis was subjected to the selection of CycG1 cutoff score for overall survival (OS) and progression-free survival (PFS) as described previously [26] . Briefly, the sensitivity and specificity for the outcome being studied at each score of the three proteins were plotted to generate ROC curves. The score localized closest to the point at both maximum sensitivity and specificity (0.0, 1.0) on the curve, was selected as the cutoff score leading to the greatest number of tumors which were classified as having or not having the outcome. To facilitate ROC curve analysis, the patient outcome features were dichotomized by survival [death vs. other outcome (censored, alive, or death from other causes)].
Cloning of HA-CycG1 and -Mcl-1 constructs
To clone wild-type CycG1, the human cDNA was PCR-amplified using the primers 5'-GCG GCC GCA TGA TAG AGG TAC TGA CAA CAA CTG-3' and 5'-CTC GAG TTA AGG GAC CAT TTC AGG AAT TGT TGG-3', and then cloned into pcDNA-HA 3 using Not1 and Xho1 sites. The primers for cloning wild-type Mcl-1 are 5'-GAA TTC ATG TTT GGC CTC AAA AGA AAC GCGG-3' and 5'-AAG CTT CTA TCT TAT TAG ATA TGC CAA ACC AGCTC-3' and then cloned into pcDNA3-HA 3 using EcoR1 and HidIII sites.
Statistical analysis
Statistical analysis was performed using SPSS version 20.0 (SPSS Inc.). Student's t-test was used to make a statistical comparison between groups. The level of significance was set at P < 0.05. Both Calcusyn software (Biosoft, Ferguson, MO, USA) [27, 28] and Jin's formula [29] were used to evaluate the synergistic effects of drug combinations. Jin's formula is given as: Q = Ea+b/(Ea + Eb -Ea × Eb), where Ea+b represents the cell proliferation inhibition rate of the combined drugs, while Ea and Eb represent the rates for each drug respectively. A value of Q = 0.85-1.15 indicates a simple additive effect, while Q > 1.15 indicates synergism. Combination index (CI) plots were generated using CalcuSyn software. A value of CI < 1 indicates synergism.
Results

Aurora kinase inhibitor ZM447439 induces apoptosis-resistant polyploidy in CycG1-amplified breast cancer cells
CycG1 is overexpressed in breast cancer cells [11] , and overexpression of CycG1 promotes cell survival after paclitaxel exposure by inducing mitotic slippage first and then polyploidy in multiple cancer cells [21] , indicating that CycG1 is a potential oncogenic target. Recently, we found that Aurora kinase inhibitor ZM induced mitotic slippage and resistant polyploidy in acute myeloid leukemia cells [30] . We further found that pan-Aurora kinase (-A and -B) inhibitor ZM [31] , but not Aurora A inhibitor MLN8237 [32, 33] , induced polyploidy in breast cancer (for all online suppl. material, see www.karger.com/doi/10.1159/000480322, Fig. S1A ). Herein, we try to identify the crosstalk between CycG1 and ZM-induced polyploidy in breast cancer.
We firstly detected the endogenous expression of CycG1 in multiple breast cancer cells, and found that CycG1 was highly expressed in ZR-75-1 (Luminal), MDA-MB-468 (TNBC), and MDA-MB-231 (TNBC), whereas lowly expressed in SKBR3 (Luminal), MCF7 (Luminal), and MDA-MB-361 (Luminal) breast cancer cells (Fig. 1A) , indicating that CycG1 is mainly elevated in TNBC cells, which is one of the most aggressive types in breast cancer [25, 34] . All the six cell lines were then treated with ZM for 48 h, and detected by ATPlite assay. ZM showed significant cell growth inhibition in MDA-MB-361 (IC50 = 0.3464 µM), MCF7 (IC50 = 0.7815 µM) and SKRB3 (IC50 = 0.9899 µM) cell lines, whereas less inhibition in ZR-75-1 (IC50 = 7.742 µM), MDA-MB-231 (IC50 = 14.31 µM), and MDA-MB-468 (IC50 = 3.246 µM) cell lines (Fig. 1B) . We then chose MDA-MB-231, MCF7, ZR-75-1 and MDA-MB-361 cell lines for next experiments. We firstly determined the cell cycle distribution upon ZM treatment in the four cell lines. We found that ZM treatment induced apoptosis in MCF7 (Sub G1: 8.57% at 5 µM; 18.27% at 10 µM) and MDA-MB-361 (Sub G1: 7.35% at 5 µM; 10.14% at 10 µM) cell lines (Fig. 1C & D) , which show low CycG1 expression, whereas induced polyploidy with few apoptosis in MDA-MB-231 (4N 6.98%+8N 0% at 0 µM; 4N 58.26%+8N 14% at 5 µM; 4N 65.04%+8N 21.59% at 10 µM) and ZR-75-1 (4N 30.76% +8N 0% at 0 µM; 4N 60.23% +8N 14.05% at 5 µM; 4N 64.81%+8N 21.33% at 10 µM) cell lines (Fig. 1C & D) , which show high CycG1 expression. To further demonstrate the mechanism by which ZM induces polyploidy in CycG1-amplified breast cancer cells, we detected CycB1, a key mitotic progression marker, and the apoptotic protein PARP upon ZM treatment in breast cancer cells. We found that ZM treatment failed to induce an increase of cleveage PARP and resulted in a dose-dependent degradation of CycB1 in CycG1-amplifed MDA-MB-231 and ZR-75-1 cell lines, whereas triggered significant increase of cleveage PARP in CycG1-low-expressed MCF7 and MDA-MB-361 cells (Fig. 1E , and see supplementary material, S1B). However, ZM treatment did not show any effects on CycG1 expression in the four cell lines, but really caused a decrease of phosphorylation of histone H3 at Ser10 (Fig. 1E , and see supplementary material, S1B), which is phosphorylated by Aurora kinase in vivo [31, 35] , accordingly indicating an inhibition of Aurora kinase by ZM. DNA fragmentation assay further demonstrated that ZM treatment selectively triggered apoptosis in MCF7 and MDA-MB-361 cells (Fig 1F, and see supplementary material, S1C ). Above data indicate that ZM induces mitotic slippage (degradation of CycB1) and apoptosisresistant polyploidy in CycG1-amplified breast cancer cells.
CycG1 overexpression promotes but siRNA silencing inhibits ZM-induced polyploidy cells
To further confirm that CycG1 is a crucial factor to enhance ZM-induced resistant polyploidy cells, we firstly transfected HA-CycG1 into CycG1-low-expressed MCF7 and MDA-MB-361 cells and found that exogenously expressed CycG1 promoted cell proliferation in both cell lines ( Fig. 2A-B , and see supplementary material, S2A-B). While ZM induced apoptosis in MCF7 and MDA-MB-361 cells, overexpression of CycG1 did not only block the apoptosis, demonstrated by decrease of Sub G1 (22.91% VS. 4.47% in MCF7, P < 0.01 and 23.9% VS 4.81% in MDA-MB-361, P<0.01; Fig. 2C , and see supplementary material, S2C) and cleavage PARP (Fig. 2D, and see supplementary material, S2D ), but also trigger the occurrence of polyploidy (Fig. 2C, and see supplementary material, S2C) . We also silenced CycG1 in MDA-MB-231 and ZR-75-1 cells and found that CycG1 deletion significantly suppressed cell proliferation in the two cell lines (Fig. 2E-F , and see supplementary material, S2E-F). Additionally, when ZM treatment caused apoptosis-resistant polyploidy in both of the cell lines, CycG1 silencing could block ZM-induced polyploidy (30% VS. 6.54% in MDA-MB-231, P < 0.01; 25.7% VS. 4.88% in ZR-75-1, P < 0.01) and induce apoptosis (Fig. 2G-H , and see supplementary material, S2G-H). These results convincingly show that CycG1 amplification contributes to the resistant polyploidy upon ZM treatment in breast cancer cells.
Bcl-xL inhibition elicits synergistic cytotoxicity in combination with ZM
Previous [36] and our recent study [30] reported that ABT-263, a small-molecule BH3 mimetic that inhibits Bcl-xL, Bcl-2, and Bcl-w, blocked Aurora kinase inhibitor-induced polyploidy and resulted in cell apoptotic death. Here, we combined ZM with ABT-263 in CycG1-amplified breast cancer cells and found that combination of two compounds significantly inhibited cell growth compared with ZM single treatment (Fig. 3A , and see supplementary material, S3A). Next, both CalcuSyn software [27, 28] and Jin's formula [29] were used to determine the synergy of the two agents. MDA-MB-231 and ZR-75-1 cells were cultured with combinations of these two drugs at different doses but in a constant ratio (ZM to ABT-263: 0.5 μM to 0.5 μM, 1 μM to 1 μM, and 2 μM to 2 μM, respectively) for 48 h. Cell cycle distribution further showed that ZM mono-therapy induced huge polyploidy cells (51.78% 4N and 26.4% 8N) that were blocked significantly in combination with ABT-263 (31.02% 4N and 5.24% 8N; P < 0.01) and addition of ABT-263 triggered rapid apoptosis in polyploidy cells as seen by an increase in Sub G1 from 1.83% (ZM alone) to 29.34% (combination of ZM and ABT-263; P<0.01) (Fig. 3D) . Combination of ABT-263 with ZM also blocked polyploidy cells and induced apoptosis in ZR-75-1 cells (see supplementary material, Fig. S3D ), although the effect was lower than that in MDA-MB-231 cells. Furthermore, combination ZM with ABT-263 induced significant increase of the pro-apoptotic cleavage PAPR and Caspase 3 (C-Casp3) (Fig. 3E) , as well as significant apoptotic cell death in a DNA fragmentation assay (Fig. 3F ). These data demonstrate that ZM induces polyploidy cells, which can be blocked by ABT-263, in CycG1-amplified breast cancer cells. 
Synergistic effects caused by ZM and ABT-263 combination are due to high NOXA expression
We next determine why ZM and ABT-263 combination shows synergy in CycG1-amplified breast cancer cells, especially in MDA-MB-231 cells. Previous studies reported that high levels of NOXA confers sensitivity to Bcl-2/Bcl-xL inhibitors [37] [38] [39] , and exogenous expression of NOXA sensitized cancer cells to Bcl-2/Bcl-xL inhibitors [38] . We accordingly suggest that increased NOXA expression may contribute to ABT-263 sensitivity observed in CycG1-amplified breast cancer cells. We firstly detected the expression of NOXA and its inhibitor Mcl-1 in breast cancer cell lines, and observed a negative relationship between NOXA and Mcl-1 (Fig. 4A ). Intriguingly, NOXA shows higher expression in MDA-MB-231 cells than that in ZR-75-1 cells, explaining why ABT-263 shows significant growth inhibition and apoptosis in MDA-MB-231.
Previous study reported that Mcl-1 was decreased but NOXA was increased during the polyploidization process induced by Aurora kinase inhibitor [36] . We further demonstrated that ZM treatment increased NOXA but decreased Mcl-1 in both of MDA-MB-231 and ZR-75-1 cell lines, with mild increase of the other two Bcl-2 family proteins Bcl-2 and Bcl-xL (Fig.  4B, and see supplementary material, S4A) . We then try to demonstrate the above findings by using two rescue experiments. MDA-MB-231 and ZR-75-1 cells were firstly treated by combination of ZM and ABT-263, which causes accumulation of NOXA, followed by silencing of NOXA. We found that ABT-263 and ZM combination inhibited cell proliferation and induced apoptosis significantly, which could be blocked by NOXA siRNA silencing as demonstrated by the increase of cell growth, and decrease of cleavage PARP and cell apoptosis (25.9% VS. 7.8% in MDA-MB-231; 21.9% VS. 7.4% in ZR-75-1; P < 0.01) (Fig. 4C-E , and see supplementary material, S4B-D). Consistently, ectopic expression of Mcl-1 leads to decrease of NOXA and then also inhibits cell growth and apoptosis caused by ZM and ABT-263 combination ( 
CycG1 is an inferior prognostic factor for paclitaxel-treated TNBC patients
In Fig. 1A , we found that CycG1 was mainly elevated in TNBC cells, which is one of the most aggressive types in breast cancer. Furthermore, CycG1 overexpression induces polyploidy and promotes cell survival after paclitaxel exposure, as well as predicts significantly shorter post-surgical survival in patients with ovarian cancer who have received adjuvant chemotherapy with taxanes [21] . Here, we enrolled 137 TNBC patients [26] , which were treated with adjuvant chemotherapy with paclitaxel, and determined the prognostic role of CycG1 in these patients. We performed immunohistochemistry (IHC) staining to measure the CycG1 level in a TNBC tissue microarray, and scored results using receiver operating characteristic (ROC) curve analysis [26] . As shown in (see supplementary material) Suppl. Fig. S5A and B, the CycG1 cutoff score was 4.8 (P < 0.001) for OS and 4.6 (P < 0.001) for PFS. We therefore divided the cohort into high (score ≥ 4) and low (score < 4) expression based on the cutoff points.
Clinical features of the 137 TNBC patients, including age, family history, pathological characteristics, lymph node status, initial clinical stage, tumor stage, adjuvant radiotherapy, adjuvant chemotherapy, and recurrence, were summarized in Table 1 . Immunoreactivity of CycG1 was observed primarily in the cytoplasm, with occasionally yellowish brown granules seen in the nuclei (Fig. 5A) . In the cohort of 137 TNBC patients, high expression of CycG1 was examined in 80 of 137 (58.4%) patients and low expression of CycG1 was examined in 57 of 137 (41.6%) 5B ) and PFS (median survival time: 42 months VS. 122 months, P < 0.001, Fig. 5C ) than those with CycG1 low expression, indicating that CycG1 is a poor prognostic biomarker in TNBC patients treated with paclitaxel.
Discussion
Polyploidy, a state in which cells possess more than two complete sets of homologous chromosomes, commonly originates from cell fusion or cytokinesis [18] , as well as occurs from mitotic slippage induced by SAC-dissatisfaction [40, 41] . Slippage occurs if CycB1 levels fall below the mitotic exit threshold before the generation of sufficient death signals, whereas cell death occurs if sufficient death signals accumulate before CycB1 is adequately degraded [41] . Thus, mitotic slippage and apoptosis can be viewed as two competing pathways. Previous studies report that CycG1, an atypical one of the cyclin family, is highly expressed in cancer cells and induces mitotic arrest firstly, but eventually undergo slippage to exit mitosis, promoting cell survival after paclitaxel exposure [21] . Here, we also found that Aurora kinase inhibitor ZM induced polyploidy cells via mitotic slippage and inhibited apoptosis in CycG1-amplified breast cancer cells, whereas triggered apoptosis in CycG1-lowexpressed cells (Fig. 1, see supplementary material, S1 ). Furthermore, ectopic expression of CycG1 promoted ZM-induced polyploidy cells and inhibited apoptosis, but deletion of CycG1 showed the opposite effects (Fig. 2) . Consistent with the previous findings, CycG1 tends to be an oncogenic target and associates with the resistance of targeted inhibitor treatment.
Amplification of CycG1 is the driving oncogenic event in a subset of cancer types [11] [12] [13] [14] ; exposure to CycG1 antisense oligonucleotides results in tumor growth inhibition [8] [9] [10] , further validating CycG1 as an important target. As a non-kinase, however, drugging CycG1 with small molecule inhibitors has proven challenging. Recently, MicroRNAs (miRNAs) has been reported to negatively regulate CycG1 expression and suppresses tumorigenesis and tumor growth. MiR-23b, binding with the 3′ untranslated region of CycG1, downregulated CycG1 mRNA and protein expression, inhibiting ovarian cancer tumorigenesis and progression [23] . CycG1 was also found to be a target of miR-122 [42] , which, via downregulation of CycG1, can trigger apoptosis and increase sensitivity of HCC-derived cells to doxorubicin [23] , hence providing the biological basis toward the development of combined chemo-and CycG1-targeted therapy.
Accumulated evidences show that drug resistance could be reversed by single compound or combination of compounds targeting different pathways. β-Elemene reversed chemoresistance by reducing resistance transmission via exosomes [43] , and Cinnamaldehyde Derivative (CB-PIC) sensitized resistant cancer cells to drug-induced apoptosis via inhibition of STAT3 and AKT signaling [44] . Combination of two chemotherapeutics C9 and Dichloroacetate (DCA) showed synergistic effects in breast cancer cells through ROS-JNKBcl-2 pathways [45] . Recently, ABT-263, a BH3 mimetic, has been demonstrated to inhibit Aurora kinase inhibitor-induced polyploidy and produces a synergistic loss of viability in a range of cancer cell lines when combination with Aurora B inhibitors [30, 36] . In this study, we also identify that ATB-263 triggers apoptosis in ZM-induced polyploidy cells and combination of the two compounds shows significant synergistic effects in CycG1-amplified breast cancer cells. Indeed, neutralization of Bcl-xL/Bcl-2 is not normally sufficient to trigger apoptosis in diploid or aneuploidy cells derived from most solid tumors [46] . We then dig out two important findings that can explain the synergistic effects of the two compounds in CycG1-amplified breast cancers. Firstly, MDA-MB-231 shows higher endogenous NOXA expression than ZR-75-1, which is consistent with the previous findings that high NOXA expression confers sensitivity to Bcl-2/Bcl-xL inhibitors [37] [38] [39] . Secondly, ZM treatment down-regulated Mcl-1 and enhanced its antagonist NOXA, with subtle increase of Bcl-2 and Bcl-xL in CycG1-amplified breast cells. Down-regulation of Mcl-1 and up-regulation of NOXA are common responses to polyploidization in cancer cell lines [36] . Collectively, ZMtriggered polyploidization induced apoptosis effectors while compromising Mcl-1 function, directly via down-regulation of Mcl-1 and/or indirectly by up-regulating Noxa. However, cell viability is still maintained during this period of ZM-induced polyploidization, we infer that the burden to support viability is shifted from Mcl-1 to Bcl-2/-xL. Thus, ABT-263 and ZM combination hold therapeutic utility in CycG1-amplified-induced polyploidy cells.
Breast cancer is one of the leading causes of cancer-related death among adult females in the world. The management and prognosis of breast cancer are largely determined by the expression status of estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2) of the tumor [47] [48] [49] . TNBC, defined as a tumor subtype that lack of ER, PR and HER2 expression, shows a poor prognosis due to its aggressive tumor biology and resistance to most available endocrine and molecularly targeted treatments [50] [51] [52] . Thus, TNBC presents as a major challenge for the development of effective therapeutic strategies of breast cancer [34] . In the present study, we found that CycG1 is highly expressed in TNBC cell lines, including MDA-MB-231 and MDA-MB-468 cell lines (Fig. 1A) , and associated with ZM-induced resistant polyploidy. Furthermore, high expression of CycG1 enhances paclitaxel-induced polyploidy and resistance, and predicts poor post-surgical survival in patients with ovarian cancer treated with taxanes [21] . Here, we demonstrated that CycG1 is overexpressed in TNBC patients who have received adjuvant chemotherapy with paclitaxel and predicts short OS and PFS, indicating that CycG1 is an inferior prognostic biomarker of TNBC patients receiving adjuvant paclitaxel chemotherapy probably through induction of polyploidy.
In summary, we demonstrate the pro-survival function of CycG1 in cancer polyploidy cells induced by Aurora kinase inhibitor ZM. Combination of Bcl-xL/Bcl-2 inhibitor ABT-263 and ZM produces synergistic anti-proliferative activity in vitro. Moreover, CycG1 serves as a poor prognostic biomarker for TNBC patients receiving paclitaxel-based adjuvant chemotherapy and thus, ABT-263/ZM combination hold therapeutic utility in the CycG1-amplified subset of breast cancer and CycG1 is a novel anti-cancer target in breast cancer.
